Abstract It is recognised that there is a need for a proper treatment and transparency of uncertainty in risk assessment and management, especially in view of the upcoming proposed new chemical policy REACH, which delegates the responsibility for conducting risk assessments to industry. The current EU risk assessment for new and existing substances is largely deterministic and prudential measures are implicitly embedded in calculation schemes and rules. In this paper, a more probabilistic approach to risk assessment is advocated. The advantage is twofold: 1) inherent variability and other uncertainty pertaining to exposure and effects are transparently taken into account, while at the same time 2) issues of caution are explicitly transferred to the risk management phase. The result of a probabilistic risk assessment as suggested is improved transparency with quantitative and qualitative uncertainty estimates. Such uncertainty information can be used to discuss precautionary measures in the context of risk management.
Introduction
Environmental pollution of toxic substances has led to regulations on the production and use of chemicals. Often the tools used for assessing the potential impact of chemicals to ecosystems are risk-based. In general, such risk analysis process can be subdivided into three main phases, i.e. risk assessment (hazard identification, exposure and effects analysis, risk characterisation), risk management (process used for deciding between policy alternatives in consultation with stakeholders e.g. mitigation, cost-benefit, etc.) and risk communication (risk terminology according to EC (2000) ). In practice, risk analysis is a continuous iterating process between these sometimes undistinguishable phases. All phases are needed to control adequately the potential risks of chemicals to the environment, but there is a need for functional separation of risk assessment and risk management, to ensure the independence of risk assessment. This was one of the key conclusions of a recent European workshop on "improving the interface between risk assessment and risk management" (Hart, 2003) . However, efficient interaction between risk assessors and risk managers is essential; to ensure that risk assessment is relevant to the needs of risk management and to optimise regulatory decision-making.
The European Commission (EC, 2000) describes a controversy as to the role of scientific uncertainty in risk analysis, and notably as to whether it belongs under risk assessment or risk management. According to EC (2000) , this controversy springs from a confusion between a prudential approach and application of the Precautionary Principle (PP). These two aspects are according to EC (2000) complementary but should not be confounded. The prudential approach is part of risk assessment policy which is determined before any risk assessment takes place and is therefore an integral part of the scientific opinion delivered by the risk evaluators. On the other hand, application of the PP is part of risk management, when scientific uncertainty precludes a full assessment of the risk and when decision-makers consider that the chosen level of environmental protection or of human, animal and plant health may be in jeopardy (EC, 2000) .
The main goal of environmental risk assessment of new and existing substances is to answer the question: "What is the likelihood (i.e. probability) of adverse effects occurring to exposed ecological systems due to exceedance of a toxicity level by an environmental concentration?" However, the current risk assessment tries to answer the question: "Is it likely that adverse effects occur to exposed ecological systems due to exceedance of a no effect level by an environmental concentration?" It is based on the comparison of a Predicted Environmental Concentration (PEC) with a 'Predicted No Effect Concentration' (PNEC). The PNEC should be protective for a specific environmental compartment and is based on a set of (acute or chronic) toxicity test results (i.e. testing species sensitivity) (EC, 1996 and . Prudential aspects (such as worst-case assumptions) or adopting an assessment factor (also named safety factor as in EC (2000) or uncertainty factor as in Sanderson et al. (2005) ) to account for extrapolation uncertainty (the magnitude of this factor depends on the degree of extrapolation uncertainty of the available data, typically 1-1000) are incorporated in the risk assessment procedure (EC, 2000; EC, 2003) .
Usually following the risk assessment phase, risk management is a process used for deciding between policy alternatives in consultation with stakeholders (interested parties), taking account of both risk and its uncertainty (based on a scientific evaluation as complete as possible) and other factors (e.g. social, economic, and legal considerations) and, if required, selecting and implementing appropriate control options. The scientific evaluation should identify the degree of scientific uncertainty, and decision-makers should take those uncertainties, among others, into account when determining whether to trigger action based on the PP (Hart, 2003) .
However, some prudential measures in risk assessment (such as assessment factors) can be subjective (when not properly defined or not possible to define in guidelines). In addition, the uncertainty and variability should be quantified if the data are available. Until now, these prudential measures in the in-depth risk assessment may not entirely be considered as inappropriate mainly because the EU member states themselves are conducting both risk assessment and management and consequently both phases are to some extent integrated. But the new chemical policy REACH for Registration, Evaluation, Authorization of Chemicals (CEC, 2003) is proposing to delegate the responsibility of data compilation, risk assessment and risk reduction of chemicals from the authorities to industry.
The goal of this paper is therefore to explore how some prudential measures can be transferred from risk assessment to risk management (Figure 1 ). For this, it is investigated how uncertainty and related prudential measures are considered in the deterministic, the probabilistic and the current EU risk assessment, which is to a large extent deterministic. The ongoing Zn EU risk assessment will be used as an example throughout the paper.
Deterministic environmental risk assessment
The fundamental principles and methodology for European risk assessment of new notified and existing substances under commission directive 93/67/EEC and commission regulation (EC) No 1488/94 is described in the EU Technical Guidance Document (TGD) and is implemented in the computer program EUSES (European Union System for the Evaluation of Substances) (EC, 1996) . This was designed to be a decision-support system for the evaluation of the risks of substances posed to man and the environment. The EU-TGD can be considered as a kind of consensus document developed and extensively discussed with experts from member states, NGOs and industry (Bodar et al., 2003) to conduct comprehensive chemical risk assessments.
Having conducted the exposure and effects assessments for all environmental compartments, a quantitative risk characterisation is carried out. This consists of comparing the concentrations at which no effects are expected (i.e. the PNEC) with the estimated exposure level (i.e. the PEC) for the considered chemical. In this deterministic framework, a risk quotient, PEC/PNEC ratio (see Figure 1 left), larger or equal to one signifies that there is a potential risk of adverse effects occurring and a large quotient is likely to indicate a high level of risk. A risk quotient smaller than one signifies no risk (considering the conservative assumptions made during the assessments). The key question in risk assessment is therefore answered by the deterministic risk characterisations with a "yes, there is potential risk / no risk" statement.
A general rule for predicting the environmental concentration is that the best and most realistic information available should be given preference. However, it may often be useful (e.g. in the absence of sufficiently detailed data) to initially conduct an exposure assessment based on worst-case assumptions, and using default, conservative values when model calculations are applied. In case the risk characterisation based on worstcase assumptions for the exposure indicate that the substance is "of no concern," the risk assessment for that substance can be stopped with regard to the compartment considered. If, in contrast, the outcome indicates that a substance is "of concern", the assessment must, if possible, be refined using a more realistic exposure prediction.
In current environmental risk assessments, uncertainties are not explicitly quantified. They are only arbitrarily considered in assessment factors or worst-case assumptions and are only applied in the exposure, effects and risk characterisation as a (pre)cautionary measure. Some examples demonstrating how prudential measures are implicitly embedded in calculation schemes and rules of risk assessment are discussed below.
In the exposure assessment, PECs are usually calculated based on production or processing tonnages and default release fractions. A limited survey carried out by Jager (1998) concluded that these TGD-defaults are generally higher, i.e. more conservative, than the site-specific release factors. In some cases the difference between site-specific and default release factors is up to three, in extreme cases up to four, orders of Figure 1 Overview of the implementation of the Prudential Measures (PM) and the Precautionary Principle (PP) in the deterministic, probabilistic and current EU risk assessment and management magnitude. In other cases, the default values are quite accurate. The current TGD-defaults for emission release estimation can thus be considered as prudential estimates, which often result in quite conservative exposure calculations.
For most substances in the effects assessment, the pool of data from which to predict ecosystem effects is often very limited as, in general, only short-term toxicity data are available (EC, 1996) . In these circumstances, it is recognised that, while not having a strong scientific validity, pragmatically derived assessment factors must be used. In applying such factors, the intention is to predict a concentration below which an unacceptable effect at ecosystem level will most likely not occur. In establishing the size of these assessment factors, a number of uncertainties are addressed to extrapolate from singlespecies laboratory data to a multi-species ecosystem. These may best be summarised under the following headings (EC, 1996) : † intra-and inter-laboratory variation of toxicity data; † intra-and inter-species variations (biological variance); † short-term to long-term toxicity extrapolation; † laboratory data to field impact extrapolation (additive, synergistic and antagonistic effects from the presence of other substances may also play a role here). The size of the assessment factor depends on the confidence with which a PNEC can be derived from the available effects data. This confidence increases if data are available on the toxicity to organisms at a number of trophic levels, taxonomic groups, and with life histories representing various feeding strategies. In practice, an assessment factor between 10 and 1,000 is applied on the lowest toxicity level of the relevant available toxicity data. Prudential measures are thus already embedded in the PNEC derivation. The subsequent risk quotient (defined as the ratio of PEC and PNEC) will consequently also be a worstcase estimate which moreover does not contain any uncertainty quantification. This deterministic risk assessment approach is not realistic because PEC and PNEC are considered as single, crisp values whereas in reality they are characterised by both uncertainty and variability. Accounting for this would avoid problems associated with using worst-case assumptions (e.g. lack of consensus in defining the worst-case, and the generation of unrealistically extreme assessments by combining multiple worst-case assumptions). The methods also do not encourage further research. In the deterministic framework, risk is not expressed as a probability (as it should be, see general risk definition in introduction). Instead, risk is expressed as a ratio, basically a "yes/no risk"-statement. And the degree of conservatism is unknown. Thus, it is not clear whether the risk quotient represents a reasonable worst case or an unrealistic, "over-protective" situation. This has been criticised in literature (e.g. Jager et al., 2001a) . In short, the conventional methods make use of conservative and insufficiently transparent, realistic, scientific assumptions. However, these conventional methods are likely to remain the primary tool for lower tiers of risk assessment because they are simple and rapid, and are appropriate for use as screening tools provided they are sufficiently conservative (i.e. over-protective). The subsequent risk management may additionally apply measures based on the PP.
Probabilistic environmental risk assessment
The drawbacks of the deterministic ecological risk assessment have therefore led to the development of more probabilistic or quantitative uncertainty analysis techniques in this area, of which the importance and usefulness is often stressed in literature (e.g. Cullen and Frey, 1999; Jager et al., 2001b; Verdonck, 2003) . For data-rich substances, where acceptable ranges of toxicity/exposure data are available, a Probabilistic Environmental Risk Assessment (PERA) can be conducted.
For data-poor substances, the degree of conservatism due to uncertainty introduced at each level of the risk assessment process can be estimated by conducting a deterministic risk assessment for the following two scenarios: one with realistic worst-case assumptions and one without the build up of worst case assumptions or assessment factors. The difference in risk quotients between the realistic worst-case and typical scenario can thus be considered as a quantitative estimation of the total level of conservatism.
In PERA for data-rich substances, the exposure concentration and species sensitivity are treated as random variables taken from probability distributions (respectively Exposure Concentration Distribution (ECD) and Species Sensitivity Distribution (SSD)) which are combined to give a risk probability (see Figure 1 right and visualised in Figure 2 in the PERA of Zn in the Dutch surface water (Van Sprang et al., 2004) ). In these probabilistic types of environmental (and human) risk assessments, the distinction between data uncertainty and variability should be made (e.g. Hoffman and Hammonds, 1994; Cullen and Frey, 1999) . Variability represents inherent heterogeneity or diversity in a well characterised population. Fundamentally a property of nature, variability is not reducible through further measurement or study. At the exposure side, the temporal and spatial variations of chemical concentrations can be captured in a variability distribution, called ECD. At the effects side, various species sensitivities towards a chemical can also be captured in a variability distribution called SSD. Figure 2 shows the ECD and SSD variability distributions as a black line for Zn in the Dutch surface water (from Van Sprang et al., 2004) . Uncertainty can be visualised as confidence intervals. In Figure 2 , the uncertainty is shown as a band around the cumulative variability distribution function for Zn in the Dutch surface water. For each percentile of the variability distribution, an uncertainty or confidence interval can be calculated (i.e. the uncertainty distribution). Uncertainty represents partial ignorance or lack of perfect information about poorly characterised phenomena or models, and can partly be reduced through further research (Cullen and Frey, 1999) . There are many sources of uncertainty, e.g. sampling uncertainty, measurement error, model structure uncertainty … (Cullen and Frey, 1999) .
The key question (i.e. "What is the likelihood (i.e. probability) of adverse effects occurring to exposed ecological systems due to exceedance of a toxicity level by an environmental concentration?") in PERA is then answered with a risk probability and an uncertainty or confidence interval. In this way, both the inherent variability and uncertainty of the environmental concentration and the species sensitivity are explicitly accounted for and not hidden in calculation schemes and rules. PERA therefore delivers a more transparent and realistic approach to estimate risks. In the example for Zn, the probability that the environmental concentration in Dutch surface waters exceeds the species sensitivity is 0.5%. The estimated 90%-confidence interval is 0.1 -0.9%.
In PERA, worst-case assumptions or assessment factors inspired by issues of caution are postponed where possible. The uncertainty and variability is quantified as much as possible resulting in a realistic risk probability estimate with uncertainty or confidence interval. However, PERA is not yet able to capture all sources of uncertainty. In the aforementioned example, only parameter or sampling uncertainty was considered. The remaining, unquantifiable uncertainty can be added as qualitative statements. For example, laboratory to field extrapolation uncertainty, choice of Log normal and Pareto probability distribution, and model uncertainty, etc., are difficult to quantify. Moreover, ecologically relevant numbers of species needed to develop the SSD including species with variable lifehistories and role in the ecosystem (e.g. keystone species) are not defined in terms of incorporation requirements for SSDs. Also the SSDs cannot integrate secondary effects of perturbation and functional impacts, and can thus not replace the highest tier of ecological risk assessment (mesocosm). Once this information is clearly communicated to risk managers or decision-makers, those uncertainties should be taken into account when determining whether to trigger action based on the PP and other factors (e.g. social, economic and legal considerations) in the risk management phase.
Current EU risk assessment
In 2003, the EU-TGD was updated. The revised EU risk assessment methodology remains intrinsically a deterministic assessment but some probabilistic approaches were introduced or described in more detail (EC, 2003) . The middle box of Figure 1 shows the current status of an EU risk assessment. Some examples are given in which more realistic approaches are used whereafter prudential measures are taken.
For example, if a large data set from long-term tests (at least 10 NOECs (preferably more than 15) for different species covering at least 8 taxonomic groups), SSDs may be used to derive a threshold (typically the 5th percentile of the SSD) in the effect assessment (EC, 2003) . This threshold is then used to determine a PNEC. Although a threshold, derived from the SSD, is used in the risk characterisation instead of the SSD 'as such', there is an incentive to more realistic, probabilistic approaches. However, there is still a tendency to keep prudential measures in risk assessment. For final PNEC setting, an assessment factor between 1 and 5, reflecting the further uncertainties identified, needs to be applied on the derived threshold. As a minimum, the following points have to be considered when determining the size of the assessment factor (EC, 2003) : † the overall quality of the database and the endpoints covered, e.g. if all the data are generated from "true" chronic studies (e.g. covering all sensitive life stages); † the diversity and representativity of the taxonomic groups covered by the database, and the extent to which differences in the life forms, feeding strategies and trophic levels of the organisms are represented; † knowledge on presumed mode of action of the chemical (covering also long-term exposure); † sampling uncertainty and probability distribution model structure uncertainty; † comparisons between field and mesocosm studies. In the ongoing Zn EU risk assessment, the rapporteur identified two issues that would support the use of an assessment factor higher than 1 for the derivation of the final PNEC value for the freshwater environment. From the in-depth analysis, it seemed that the results of laboratory and semi-field (model ecosystems) studies with zinc showed effects on biomass-related endpoints below the 5th percentile value for Zn. The second argument was based on the observation that the 5th percentile value for Zn (implying a 95% protection level) may not be sufficiently protective, as individual toxicity values for different species were below the estimated threshold value for Zn.
Large uncertainties (like the ones described above), which may rise to (pre)cautionary measures, usually lead to further scientific research and further research leads to a more realistic risk (whether increased or decreased) (EC, 2000) . However, further research can also lead to an increased or decreased uncertainty. In case of increased uncertainty, the saying "the more we know, the more we know we don't know" is applicable. Unlike in the probabilistic risk assessment, risk and uncertainty are not treated separately in the EU risk assessment. Consequently, increasing uncertainty leads automatically to an increased risk in the current EU risk assessment whereas in the probabilistic risk assessment, increasing uncertainty leads to an increased uncertainty interval around the probabilistic risk irrespective of an increasing or decreasing risk. Issues of (pre)caution should therefore be avoided prior to risk characterisation by explicitly considering the uncertainties (preferably quantitative, if not possible qualitative). Such uncertainty information can be used to discuss precautionary measures in the context of risk management.
Conclusions
Risk assessment is the science-based process used to identify and characterise hazards, exposure, risk, and characterise its uncertainty. Risk management is the decision-making process used for deciding between policy alternatives in consultation with stakeholders, taking into account both the estimated risk and its uncertainty, the precautionary principle, the cost and other factors (e.g. social, economic and legal considerations). There is a need for a proper treatment and transparency of uncertainty in risk assessment of new and existing substances. This is important in the existing EU chemical risk assessment procedures, but even more in view of the upcoming proposed new chemical policy REACH, which delegates the responsibility for conducting risk assessments to industry. The current EU risk assessment for new and existing substances is largely deterministic and prudential measures are implicitly embedded in calculation schemes and rules. Probabilistic techniques in environmental risk assessment are more precautionary-driven because they take into account the inherent variability and uncertainty of exposure and effects and result therefore in a more relevant probabilistic risk with both quantitative and qualitative uncertainty estimates. In this way, issues of caution (prudential measures) are explicitly transferred to the precautionary principle analysis in the risk management phase.
